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Partial discharge testing is a nondestructive method of identifying possible
premature insulation breakdown. Magnet wires are used in various electrical equipment
like injection coils, solenoids, small transformers, and motors. Winding wires used in
high voltage systems are subjected to several stresses during operation, which
considerably lowers their lifetime. A prolonged combined effect of these stresses causes
aging of the wires, inception of partial discharge activity, and degradation of the organic
material in the enamel coating and varnish used by the manufacturer. The tests were
conducted for AWG 30 and AWG 31 twisted magnet wire samples. The samples are aged
under accelerated conditions of high frequency, temperature, and pulsed voltages. As
well as conventional sinusoidal voltages. This thesis is focused on the results of voltage,
frequency, and temperature stresses on the magnet wires. The partial discharge inception
voltage (PDIV) and breakdown voltages are measured for different twisted wire samples.
A software tool is utilized to study these partial discharge patterns. Evaluation of the

parameters charge intensity, pulse count, and pulse phase position are presented in 2- and
3-dimensional plots.
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CHAPTER I
INTRODUCTION

For a long time, partial discharges have been known as insulation’s silent enemy.
If the insulation is subjected to stress beyond the electrical strength of the material, a
material breakdown could result. Insulation degradation (aging) is gradual, but failures
are sudden and very difficult to detect. The electrical strength of the insulation depends
on various parameters like voltage, temperatures, humidity or other atmospheric
conditions. More often under operating conditions these multi-stresses appear
simultaneously on the insulation. For practical applications it is important to know the
operating voltage of the insulation that does not lead to breakdown.
Magnet wires also known as enameled wires, are used to transmit electrical
energy a variety of electrical equipment, like electromagnetic coils, induction coils, small
motors and transformers. The wire has a conductor made of copper or aluminum and an
enameled insulation coating. Recently, more and more ac motors are being controlled
with pulse width modulated variable speed drives (known as inverters). The wire
insulation in these inverter-fed motors is no longer subjected to traditional sine-wave
voltages but a pulse wave voltage leading to a sudden increase in the premature
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failure of wire insulation in these inverter-fed motors, which is usually observed around
the inter turn area [1], [33].
In the study presented, the magnet wire insulations are studied under some critical
factors that characterize the power inverters. Voltage stresses, high frequency, and pulsed
voltages with high-rise times are used as conditions for the accelerated aging tests of
magnet wires, which normally would operate under conventional sinusoidal voltage
stresses. To simulate the effect of partial discharges at lower voltages, some sort of
accelerated testing is the only means of complete breakdown of the insulation within a
convenient time. Fortunately, the partial discharges and dielectric loss heating is less in
lower voltage electric stresses, so that higher frequency accelerated testing should
become increasingly more accurate as the stress is lowered [2], [34].
This thesis describes the tests and results performed at the MSU High Voltage
Laboratory, where the behavior of the magnet wires is studied using accelerated aging
and partial discharge testing as a diagnostic tool.

1.1

Importance of Diagnosing Partial Discharges in Insulating Material
The development of electrical systems and apparatuses of increasing power

density leads to very high electrical stressing of the insulating material. It is well known
that the asynchronous motors are the workhorses of the power industry. The energy
consumption of all motors represents about 70% of all electrical energy produced in
North America [28]. Therefore, knowledge about the phenomena limiting the motor’s
electrical strength becomes a condition for their economic and safe application.
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Over the past few years power electronics with improved speed control offered by
inverter drives have become an entirely new application of asynchronous motor
application [28]. This has been one of the major reasons for failures of these motors,
which are now operated under totally new stresses. Many studies were conducted to find
the cause for recent motor failures. Elaborate quality control, continuous improvement of
production methods, and impregnation methods to remove surface defects (e.g. voids, gas
inclusions or defects), but the underlying reason for these failures under inverter fed
drives was the onset of partial discharge activity. One of the main areas of interest of
partial discharge study is in the turn-to-turn insulation of motors and winding coils. In
random wound coils, the typical voltage seen on a turn insulation under normal operating
conditions, at 60 Hz, would be a few volts, but with inverter drives the instantaneous
voltage between the first two turns can be as high as 1000 V. Such high fields can cause
deterioration of the insulation, and considerably reducing the insulation life [26].
Partial discharges have a direct effect on the dielectric strength of the material.
They attack the insulating material as a result of their repetitive character and local
concentration. Depending on the material, a chemical change can occur n the material,
causing accelerated aging. Some insulation is more susceptible to these effects than
others [3]. Irrespective of the material, partial discharges have an invariably negative
effect on their insulation properties. Hence, while designing an insulation material, it is
imperative to understand the specific reaction of the concerned insulating material to an
exposure of partial discharges. While designing technical power apparatus, it is
particularly necessary to ensure that no partial discharge sets in at the working stresses.
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They can, however, develop for a short duration at or in the dielectric during overvoltages. The widespread application of partial discharge testing, both as a quality control
tool and a maintenance planning tool, requires the understanding of what the partial
discharge test is measuring and the significance of the measured signals. In this testing,
acceptable and unacceptable levels of partial discharge are established of winding wires.
This is also an informative test where manufacturers can decide allowable levels of
partial discharge above which maintenance is required but below which a machine can
continue to operate safely [7].

1.2

Program of Study
For a long time the conventional method to ascertain the life of magnet wires is

by thermal endurance testing. To incorporate more realistic service conditions for heavy
gauge magnet wires experiments under both thermal and voltage stresses were conducted
in the laboratory [14]. The aim was to study the effects of magnet wires under combined
stresses. A high level of stress is present within the several turns of coil windings [1], [2].
The aim was to study the effects of magnet wires under combined stresses. AWG
30 and AWG 31 wire samples were selected for the tests. Three wire samples namely
Polysol 180, Polysol 155 and Amidester 200 with different insulation thickness and
permittivity were evaluated. The wires are aged under accelerated conditions using the
DTS 1500 A. The tested wire samples have 70 turns and an approximate length of 110
mm. The test voltage used for accelerated aging was a pulsed voltage at 40 kHz and ac
voltage at 60 Hz. The aging test times were chosen as 10, 20 and 40 hours, allowing the
study of the performance of wires under accelerated aging at different service conditions.
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Once the magnet wire insulation was aged, the samples were connected to the
partial discharge measurement system for further monitoring of the partial discharge
activity at 60 Hz condition. Electrical stress was created between twisted wires similar to
stress between wires in different coils. Partial discharge inception voltage was recorded
and the voltages thereafter incremented in steps of 0.5 kV per second. The partial
discharge was measured at 3200 V ac, where the partial discharge was recorded. After the
partial discharge activity was recorded, the voltage was further incremented until
breakdown of the samples took place. This voltage was noted for different samples
tested.
A comparison study was conducted to evaluate the discharge pattern, inception
voltage and breakdown voltage for the magnet wires when aged at two different
conditions:
•

Aging at 60 Hz, 3.2 kV ac sinusoidal voltages, at ambient temperature, for
10 hours.

•

Aging at 40 kHz, 3.2 kV fast rising pulse voltage, at ambient temperature,
for 10 Hours.

The DDX 7000 partial discharge equipment is used to monitor the wire samples
and record the parameters pulse phase position and maximum magnitude of discharges
for different hours of operations and presented in 2- and 3-dimensional plots.

CHAPTER II
PARTIAL DISCHARGE: LITERATURE REVIEW

2.1

Definition of Terms
Partial discharges can be defined as localized electrical discharges in an insulating

media, restricted to only a part of the dielectric under test and only partially bridging the
insulation between the conductors. These discharges occur in the form of pulses, which
can be detected in the external circuit connected to the test object.
The definition of terms has been divided into two categories

2.1.1

•

those that deal with the phenomena

•

those that are concerned with the measured quantities

Phenomena

2.1.1.1 Ionization
At normal room temperature and pressure, gases are good insulators, but at
higher fields, charged particles may gain sufficient energy between molecules causing
ionization. This process by which neutral molecules or atoms dissociate to form positive
and negatively charged particles is known as ionization.Molecules which are positively
charged are positive ions, and the negatively charged molecules are negative ions [4],[15]
6
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2.1.1.2

Electrical Discharge
The phenomena accompanying ionization in a dielectric , which occurs as a

result of the application of an electric field.Two classes of discharges may be
distinguished as
•

Those that once initiated, do not require for their continuance a source of
externally supplied electrons or ions are termed self-sustained discharges and
are usually required minimum critical voltages for their inception and
extinction [4].

•

Those discharges that do require an external supply for their continuance are
termed as non self sustained discharges and do not possess minimum critical
voltages for their inception or extinction [4].

2.1.1.3 Partial Discharge

Partial discharge (PD) is defined as the electrical discharge involving only a
portion of a dielectric between electrodes and which does not bridge the gap.

2.1.2 Measurements
2.1.2.1 Apparent Charge
The apparent charge (Q) of an individual partial discharge is that charge if
injected instantaneously between the terminals of the test object, would momentarily
change the voltage between its terminals by the same amount as the partial discharge.

8
The apparent charge is expressed in coulombs. The charge is related but not equal to the
quantity of charge actually flowing in the localized discharge [4], [15].

2.1.2.2 Partial Discharge Inception Voltage
The minimum voltage, which must be applied to the system to initiate continuous
corona (partial discharge) above some stated magnitude (which may define the limit of
permissible background noise) occurs as the applied voltage is increased [4], [15].

2.1.2.3 Partial Discharge Extinction Voltage
Partial Discharge Inception Voltage is defined as the maximum voltage applied to
the system at which continuous partial discharge ceases, as the applied voltage is
gradually decreased from above the inception voltage of partial discharge. Many factors
may influence the value of partial discharge including the rate at which the voltage is
decreased as well as the previous history of the voltage applied to the winding or
previous application of voltage to the tests object [4], [15].

2.2

Types of Partial Discharges
To understand and analyze partial discharge activity it is important to first identity

the type based on the location of their occurrence. There are three main types of partial
discharge activity. These discharges, depending on their location, are classified as
discharges in a cavity in a solid dielectric, discharges on the surface, or discharges around
a sharp point. To gain a better understanding of the types of partial discharges, they are
classified right from their origin of occurrence shown in the flow chart below.
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Ionization
Any process by which an atom becomes
electrically charged.

Gas Discharges
Passage of current through
gases by avalanches of electrons

Partial Discharges
Gas

Internal
Discharges
Occurring in
inclusions or cavities

Figure 2.1

discharges,

Surface Discharges

External Discharges

Occurring on the surface of
a dielectric

Occurring in strong non
homogeneous fields
around edges

Flow Chart showing the classification of different types of partial
discharge activity.
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2.2.1

Internal Discharges

Figure 2.2 Representation of a cavity in a dielectric showing internal discharges.

Figure 2.2, Ca shows the capacitance of the entire dielectric, Cc the capacitance of
the cavity, and, Cb the capacitance representing the healthy dielectric in series with the
cavity. Discharges occur in dielectric inclusions or cavities at low dielectric strength. The
breakdown strength of the cavity is lower than that of the surrounding medium. An
example of this type of cavity is the gas filled cavity occurring in plastics, resins,
impregnated insulation, and insulation enamels.

2.2.2 Surface discharges
Surface discharges occur if there is a stress component parallel to the dielectric
surface. These discharges affect the electric field and extend beyond the region where the
original surface component of the electric field was high enough to cause discharges.
Figure 2.3 below is a representation of such discharges.
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Figure 2.3 Representation of surface discharges in a dielectric

Capacitance Cc is a representation of the surface discharge at the electrode
surface. Cb is the dielectric in series with the surface discharge, and Ca is the sample.
These discharges have a characteristic pattern. The pattern constitutes many small
discharges if the surface discharges are at the negative electrode and fewer discharges of
large magnitude at the positive electrode.

2.2.3

External Discharges

Figure 2.4 Representation of external discharges in a dielectric
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In Figure 2.4, circuit Cc represents a capacitance attributed to sharp point or
rough edges where the external discharge activity is initiated. Cb is the dielectric parallel
to the point where external discharges occur, and Ca is the capacitance representing the
entire sample. These discharges are first seen on the negative cycle of the supplied ac
voltage. These discharges are equal in magnitude, and they increase linearly with time. At
higher voltages, these discharges are also seen in the positive half cycle. These occur
around sharp points or at the edges at high voltages.

2.3

Partial Discharge: The Physical Phenomena
To understand the physical phenomena supporting partial discharges, it is first

important to understand the concepts of ionization.
Ionization is produced by the action of the applied field. When a gas filled gap
between electrodes on which a potential difference is applied, the field is considered to be
relatively uniform so that ultimately breakdown will occur throughout the whole gap.
Even if the voltages could cause breakdown, the field is not high enough to dissociate the
gas molecules into ions. If any current is to flow, it needs to be introduced from an
external circuit. As the voltage is raised, the current will rise but slowly, as only those
charges introduced will contribute [4].
As the field increases, more and more electrons gain sufficient energy to collide,
producing additional electrons and molecules. These newly created electrons can cause
further ionization and for each externally supplied electron an electron avalanche is
produced. Such ionization is termed primary ionization. The size of the avalanche
increases with the increasing fields, and the current in the gap rises more rapidly. These
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discharges are non-self sustaining. Once the source is removed, the discharges will cease.
There is clear onset voltage for these discharges, and even at low voltage, strong field
intensified ionization exists. As the voltage is further increased, a new mechanism i.e.
ultra violet radiation that might hit the cathode causes further ionization of
photoelectrons, which initiates further avalanches, in addition to the positive ions
produced in the primary avalanches causing electron emission. This leads to secondary
ionization [4].

As the voltage continues to rise, the amount of both primary and secondary
ionization increases rapidly until a critical voltage is reached and every avalanche that
causes the gap causes further avalanches. At this critical voltage, the externally supplied
electrons may be removed and the discharges will be self-sustaining. At this point of
instability the current will increase to relatively large values, and large space charges
produced in the gap will markedly distort the field. This may lead to a field concentration
and development of a streamer. Since the voltage gradient in the highly ionized streamer
is small, as it crosses the gap, it will be an effective short circuit and large currents will
flow. The impedance of the external circuit and the presence of space charges distribution
determine the final form of discharges. The transition from one form of discharge to
another is termed as a spark. [4]
Partial discharges are said to be highly localized electrical discharges within the
insulating medium of conductors and are self-sustaining discharges. This implies that a
secondary mechanism is operative and that many avalanches occur in each discharge.
Thus, the onset voltage would be completely determined by the sensitivity of the
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detector, since field intensified ionization occurs in principle at all fields higher than zero
and since initiating fields free electrons are always present. Partial discharges are also
defined as localized over only a portion of the gap, and the two principal reasons for such
localization are given. The first is that one or both electrodes possess radii of curvature
much smaller than the electrode separation so that the field is much higher at the
electrodes than in the reminder of the gap. Thus, a discharge may occur in the high field
regions, which is unable to propagate through the whole gap. Another reason being that, a
high electric dielectric strength is present in series in the gap with a dielectric of much
lower electric strength. At sufficiently higher fields, the latter dielectric might breakdown
while the former would maintain the applied voltage without failure. Examples of this are
partial discharges found in gas voids, bubbles in solid or liquids, also known as internal
discharges, and that in electrode edges, are termed as surface discharges [4], [21].

Figure 2.5 Sequence of breakdown due to discharge activity under sinusoidal alternating
voltage [2]
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In Figure 2.5, the voltage and current graphs under an applied voltage initiating
discharge activity in a cavity showing partial discharge activity are shown. Va is the
applied voltage and Vc is the inception voltage of discharge activity. When Vc reaches
breakdown value V+ of the gap, the cavity may breakdown. The dotted curve in Figure
2.5 shows qualitatively the voltage that would appear across the cavity if it did not break
down. As Vc reaches the value V+, a discharge takes place. The voltage Vc collapses, and
the gap extinguishes. The voltage across the cavity then increases again until it reaches
V+, when a new discharge occurs. Thus, several discharges may take place during the
rising part of the applied voltage. Similarly, on decreasing the applied voltage the cavity
discharges as the voltage across it reaches V – [2].

2.4

Measuring Partial Discharge
In most rotating electrical machines, there are numerous potential sites of partial

discharges. The machine design, insulation materials, manufacturing methods, operating
conditions, and maintenance practices can largely affect the quantity, location,
characteristics, evolution, and the significance of partial discharges. These partial
discharges, when monitored, show a very different response as compared to those
obtained from new samples. The presence and magnitude of internal partial discharges
are to be considered as important criteria for the quality of power system equipment.
Partial discharge in the interior of the equipment or in a test specimen cannot be generally
measured directly at the site of its origin. Due to partial capacitances in the dielectric,
internal partial discharges result in a short duration of current pulses in the network.
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These current pulses are the only pulses accessible for measurement. It is important to
know which quantity should be measured.

2.4.1

Measuring Circuits
The high frequency partial discharge pulses are superposed on the test voltages

and must be appropriately decoupled out of the test circuit. Three basic circuits given for
partial discharge measurements are as follows. In Figure 2.6, the specimen is substituted
by a capacitance Ca. The partial discharge pulses from Ca appear across the measuring
impedance Zm via the coupling capacitor Ck. The filter Z, between the specimen and the
supply, filters out the noise, disturbances and prevents the leakage of partial discharge
from the source [3].

Figure 2.6 Partial discharge measuring circuit with measuring impedance Zm parallel to
the specimen shown as a capacitance Ca. [3]

Figure 2.7 shows the test circuit in which Zm lies directly in the earth lead of the
specimen. But this presupposes that the specimen could be operated free of earth
(isolated). The return path for the partial discharge pulses is through Ck, which can
sometimes be omitted when the stray capacitances to earth are greater than the specimen
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capacitances Ca. In order to obtain a greater sensitivity of measurements, it is often
convenient that Z is eliminated so that the transformer stray capacitances can be fully
effective [3].

Figure 2.7 Partial discharge measuring circuit with measuring impedance Zm in series
with the specimen shown as a capacitance Ca.[3]

Figure 2.8 Partial discharge measuring circuit with measuring impedance Zm in series
with the specimen shown as a capacitance Ca showing connection to remove
effect of stray capacitances [3]
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The above Figure 2.8 is a connection diagram to effect the removal of stray
capacitances. The parallel branch of Ca and Zm shall be partial discharge free but as
identical as possible with the main branch containing the specimen Ca. The partial
discharge meter is in the bridge diagonal. This type of bridge measurement is suitable for
unshielded rooms. [3]

2.4.2

Calibration
The real charge “q” which is dissipated at the discharge site in the interior of the

specimen is not accessible for measurement. Only the apparent charge “q” of the pulses
appearing at the specimen’s terminal is measurable, and only in that portion. This is
accompanied by loss of charges in the measuring circuit and the test circuit. Hence, it is
important to calibrate the circuit before measurements. For this purpose, pulses of known
charges are injected to the specimen’s terminals. Such calibration shall be repeated for
each specimen, except during routine tests if the capacitances of the specimen differ by
more than +-10% from one another [3].
This calibration pulse is an important part of partial discharge set up and is very
decisive as far as the accuracy of measurement is concerned. Therefore, it should itself be
calibrated thoroughly before it is used to calibrate the partial discharge measuring set up
[3].

2.4.3

Need for Screening and Filtering
Detection and evaluation of partial discharges are difficult. Even the

comparatively simple determination of the partial discharge inception voltage is hindered
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by the fact that, in practice, it is not the existence of a measurable quantity that is to be
detected, but picking it out of the background noise. The background noise level,
therefore, compulsorily influences the measured result. It is important to reduce this
effect of noise in cost usefulness analysis to such an extent that the measuring problem
can be solved. The causes for this noise can be the laboratory and its surroundings.
Internal sources of interferences can be eliminated. External sources, though, which are
less accessible and can be realized by screening or shielding [3].
External interference factors affect the partial discharge measuring set up in
various ways :
•

Noise voltages due to the leads

•

Electrical interference field

•

Magnetic interference field

•

Electromagnetic interference field

The sum of all these effects result in frequency dependent background noise level.
On the basis of the different mechanisms at work, electrical screening efficiency
is appreciably greater than magnetic screening efficiency, so that the latter is taken as the
basis for design. The screening room could be a medium sized high voltage laboratory
where the following conclusions can be drawn about the screening room.
•

Magnetic screening efficiency increases with frequency.

•

Growing size of the room increases the screening efficiency

•

Increasing wall thickness increases the screening efficiency
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Copper screens are advantageous for low frequency interference fields, and iron
screens for higher frequency field interferences. Screens could have a lot of openings and
breakages. A wire mesh screen can be interpreted as a uniformly perforated screen. Thus,
the internal field is thus dependent only at the external interference fields and the
disturbance, but not on the screen itself [3].

In this chapter, literature review conducted on partial discharges is presented.
Important definitions, and the physical phenomena behind partial discharge activity is
discussed. Electrical equivalent of various types of discharges occurring in the circuit,
and methods to measure them are presented.

CHAPTER IIII
MAGNET WIRES

3.1

Introduction to Magnet Wire Technology
The winding wire, more commonly called magnet wire in North America, is a

major component in many electrical insulating systems. These magnet wires are used for
the transmission of electrical energy in various equipment. They form a magnetic field
when a current passes through them. Hence, they are used to make and control magnetic
fields in equipment [14]. The magnet wires consist of a copper or aluminum conductor
with an enamel insulation coating over the conductor. The enameled coating of insulation
over the conductor mainly acts as intern turn insulation. In most equipments it is this
failure of the inter turn insulation that leads to over- heating and reduced efficiency of the
equipment [14].
In order to understand the process by which wire enamels are selected, the
different end uses of magnet wires must first be understood. The end uses of enameled
magnet wire are varied; they can be generally grouped into categories [6].
•

Motors

These vary from sub fractional horsepower to multiple horsepower depending on
the application. This varying requirement of the motor means a different size, gauge or
build of magnet wire.
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Another consideration is the operating hot spots that occur in the motors. These
could even exceed 180o C [6]. The wires in motors are subjected to other stresses like
abrasion and mechanical stress from winding and abrasion. The wires are even subjected
to chemical abrasion acquired from the operating environment. To overcome all of these
the wire enamel is coated with insulating varnish, the material of which depends on the
need required [6].
•

Transformers and open coils

Similar to motors, these equipments are also made in varying sizes. Transformers
are also subjected to varying operating temperatures and depending on their type are also
immersed in oils or gases. The transformers are also subjected to winding stresses but not
as much as in the case of the motors. The magnet wires used in transformer coils will
have insulating resin added to help reduce operating noise and in heat dissipation [6].

3.2

Effect of Adjustable Speed Drives on Magnet Wire Insulation
There has been a sudden boom in the growth of adjustable speed drive

applications, using pulse width modulation. The inverters have been created without
sufficient involvement of the manufacturers of motors and their associated suppliers. This
has led to electrical motors designed for ac 50-60 Hz sinusoidal supply but fed by
adjustable speed drives (ASD) [22], [28]. These winding insulations breakdown due to
premature aging as compared to when fed by traditional power frequency sinusoidal
voltages.
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The noticeable effect seen on these insulations fed by adjustable speed drives is
an increased partial discharge activity along with an increase in the partial discharge
inception voltage [7].

Figure 3.9 Typical wave front form an IGBT inverter [37]

The lifetime of the wires can be improved by usage of filters to compensate for
the dV/dt effect of the fast rising ASD pulses at high frequencies, but this is an expensive
option, not gaining too much popularity. Another common method to overcome
insulation deterioration is the usage of partial discharge resistant enameled wires. These
have a higher resistance to effects of partial discharge as the voltage imposed on the
wires increase.
The effects of partial discharges at low frequency are not as harmful as those at
higher frequencies. The transistor-type inverter uses high frequency impulses having high
rise and fall times, thus, creating high- voltage stresses in the windings of the motors. The
insulation under PWM operation is under unevenly distributed voltages compared to
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when subjected at standard ac conditions. An estimated 80% of the full load phase-tophase voltage may appear across the first coil of a phase winding [28]. The adjustments
in the number of revolutions per minute of an inverter fed motor causes overloads in the
windings. These overloads can be nearly twice that the insulation experiences at 50 Hz
[17]. These over voltages formed due to the transients are caused by the reflections of the
voltage in the feeder cable, which connects the inverter to the motor terminals [16].
Hence during the design of the inverter driven system care should be taken to not have
long connecting cables between the PWM speed controller and the motor terminals. From
wave propagation theory [19], depending on the length of the cable, the motor terminals
could experience a voltage reflection of nearly twice the magnitude. Motor impedances
are inductive in nature hence, at high switching frequencies it is like an open circuit
causing high damage to the insulation [18,19]. An example of this kind of failure has
been cited in [18].
A significant rise in the temperature can be seen when the motors experience
inverters current, which are different from the conventional sinusoidal stressing the
insulation further [7].
Table 3.1 Electrical Stresses in Inverter –Driven Motors [7]
Type of
Insulation

400 V Motor

500 V Motor

Phase-phase

1000-1100 V

1200-1400

Between coils

650-900 V

800-1000

Phase – core

700-900 V

900-1100
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In the above table 3.1 [7] it can be observed from the high voltage stress values,
there is a large need to redesign the insulation systems of standard motors operated under
inverter drives.

3.3

Influence of Partial Discharge on Magnet Wires
One of the key problems faced by the magnet wire technology is the rising

insulation failures of motors subjected to IGBT drives or PWM variable speed controllers
of motors. These drives tend to induce very high voltage spikes on motor insulation,
which otherwise is designed to take stresses for 50-60 Hz sinusoidal voltages.
These high voltage spikes experienced by the winding wires, are above the partial
discharge inception voltage, enabling slow deterioration of the insulation by partial
discharge activity. These high stresses are not evenly distributed along the length of the
winding, hence, creating a high inter turn insulation stress along the magnet wires. These
high stresses along the inter turn of the magnet wires coupled with the relatively small
diameters of the magnet wire, cause the partial discharge activity to originate in the air
space between two adjacent turns. The organic material, which constitutes the insulation
of the magnet wires, can deteriorate if sufficient partial discharge activity occurs [18],
[19]. Hence, the monitoring of the partial discharge inception voltage is key to
understand at what incipient stage the degradation of the wires occur.

3.4

Factors Affecting Partial Discharge in Magnet Wires
From a manufacturers point of view, there are various factors that could affect the

discharge inception voltage. These are listed below:
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•

Winding

In most motor windings, which have been randomly coiled, there is a high
probability of close proximity between the end and start coil windings [6]. This coupled
with high voltage stresses generated by PWM drives causes high stress concentrations at
the start and end of the coil windings. These are the localized spots for partial discharge
initiation. This can be overcome by using a sequential method of winding the wires,
enabling sufficient space between the wires [10].
•

Varnish

Among its many other uses, the varnish used in stators of windings helps in
reducing the partial discharge activity. It is important to use many layers of varnish to
increase the dielectric withstand capability of the insulation system [10].
•

Wire Gauge

The wire size is also a major design consideration for insulation systems.
According to Dakin [34], the bigger the overall diameter of the magnet wire, the higher
the partial discharge. This can be seen as wires with higher AWG have a higher partial
discharge than wires with AWG 18 [9,10]. Hence, the partial discharge can be improved
by using wires with higher insulation thickness.
•

Wire Handling

A lot of care should be taken to ensure that there should be careful handling of the
wires at the manufacturing level.. Any defects or abrasion incurred on the wire during
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winding would become possible points of partial discharge activity in the future. Hence
care should be taken during the construction of inverter fed motors [9,10].
•

Temperature

Temperature rise in insulation hotspots is a major accelerator for partial discharge
activity. The operating temperatures have a great effect on the partial discharge of the
magnet wires [10]. Voltage spikes caused by PWM controlled drives often tend to
increase the operating voltage conditions of the motors.

3.5

Properties of Insulating Wires Used
The testing was done for heavy insulation magnet wires. These wires have high

thermal index and are capable of withstanding high temperatures. Their generic
chemistries and descriptions are given as follows:
Table 3.2 The partial discharge testing was conducted on 3 types of magnet wires.
Sl.
No

AWG
Gauge

Build

Insulation
Type

Conductor
Diameter

Overall
Diameter

Dielectric
Permittivity

1.

31

Heavy

Polysol 180

0.226 mm

0.260 mm

3.68

2.

30

Heavy

Polysol N 155

0.256 mm

0.289 mm

3.70

3.

31

Heavy

Amidester 200

0.226 mm

0.260 mm

3.82
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Table 3.3 Description of magnet wire Polysol 180
Description

Polysol 180, Modified Polyurethane

Standards

IEC 60371-51, MW 82

Properties

Good solder ability and elevated thermal values

Applications Used for automotive coils as relays and ignition coils, in small
motors, transformers and in solenoids

Table 3.4 Description of magnet wire Polysol 155
Description

Polysol-N 155, Modified Polyurethane with a Polyamide topcoat

Standards

IEC 60317-19 MW 80, MW 28

Properties

Very good solder ability with high thermal properties

Applications Used in appliance motors, encapsulated coils, solenoids,
transformers, and torroids.

Table 3.5 Description of magnet wire Amidester 200
Description
Standards
Properties

Amidester 200 Theic-modified Polyesterimide
IEC 60317-8 JIS C3202.8 MW 74, MW 5, MW 30
High thermal properties and good chemical resistance

Applications Used in small motors, and transformers.
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3.6

Enamel Properties of Tested Magnet Wires
Tables 3.3, 3.4, and 3.5 present the characteristics features of the three types of

magnet wires studied. A literature review on some of the enamel properties innate to the
magnet wire studied is presented below.

3.6.1

Polyurethane
Polyurethane has the advantages of high solder ability and fast running speed.

Solder ability is critical in automated processes. This type of enamel is suited to small
motors and transformers using small gauge wire. It is the logical choice, since its
optimum performance is on smaller gauge wires.

3.6.2

Polyurethane /Polyamide
This combination of enamels lends itself to small motors and transformers within

the 130o C temperature class and up to 155 o C. This enamel may also be used in 130o F
class encapsulated coil applications. This combination can be used in slightly larger wire
sizes, providing additional chemical and heat shock resistance over polyurethane alone.
This enamel fits into intermediate size motor, transformers, and open coil
applications. It has good heat shock properties, but it is not as chemically resistant as
when over coated.

3.6.3

Polyamidemide
Polyamidemide has great resistance to abrasion, and it is basically used for

topcoat purposes. Polyesterimide wires are popular because of their resistance to high
temperature degradation, good chemical, and electrical properties.
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In this chapter an overview to magnet wire technology is presented. A brief
overview of the applications of the tested wires is discussed. A generic description of the
magnet wires properties is shown in Tables 3.3 to 3.5, as well as some brief information
on the enamel properties of the wires.

CHAPTER IV
EXPERIMENTAL SETUP AND PROCEDURES

4.1

Test Setup

4.1.1

Partial Discharge Detection
The presence of partial discharges may be detected by visual, audible, ultrasonic

or electrical methods. The Hipotronics partial discharge unit utilizes the electrical method
to detect partial discharges. The electrical method is most often used when partial
discharge must be quantified.
Partial discharge is measured by flow of electric charge in an insulating material
during a breakdown (in void, surface or free air). Since electric charge is flowing through
a resistive insulator, a voltage can be measured. This voltage is proportional to the partial
discharge present in the insulator. Since the discharge (flow of charge) is a breakdown,
the discharge signal is a pulse. The measured signal has commonly been displayed on an
oscilloscope as a pulse on an ‘ellipse’ [15].
The partial discharge in a test object causes the charge to transfer in the test
circuit, giving rise to current pulses through the measuring impedance. This impedance,
in combination with the test object and coupling capacitor, determines the duration and
shape of the measured voltage pulse.
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This pulse is further shaped and amplified in order to apply to a measuring instrument a
value proportional to the apparent charge quantity. In the study, the Hipotronics Partial
discharge Detection was used. The presence of partial discharges may be detected by
visual, audible, ultrasonic, or electrical methods. The electrical method is most often used
when partial discharge must be quantified.
The Hipotronics DDX

TM

series of Partial Discharge Detectors represents a

remarkable leap forward in terms of technical capability, price, and ease of use. The unit
is an extension of the successful Robinson 700 Series, Robinson 803 Series, Hipotronics
C077 Series, and the Robinson licensed CDA-3.

Figure 4.10 DDX Partial Discharge Detector

The DDX 7000 Digital Partial Discharge Detector comes equipped with the
following:
•

Mainframe, including PC, display, module rack, and power supplies
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•

5 Modules: Amplifier, Display, Measure, Capture and Calibrate.

•

Windows 95 TM Operating Systems

•

Hipotronics DDX 7000 software

•

Transient Filter Unit

The Hipotronics

TM

DDX 7000 Digital Discharge Detector is a computer

controlled measuring instrument, which takes the small signals, generated by partial
discharge activity and processes them so that they can be measured and displayed. It also
contains facilities for measuring the applied high voltage and for generating calibration
signals.
The computer display is an LCD screen. It provides information in graphical form
for the operator, who can select and control many operations in graphical form. There are
five modules required for the base model. They are the Amplifier, Calibrate, Display,
Measure, and Capture modules.
The amplifier module takes the partial discharge output from the input unit,
amplifies it and filters it before passing the signal to the measure and capture modules. It
has 50-ohm impedance.
The measure module measures the partial discharge magnitude and the applied
voltage. The partial discharge magnitude is measured by an analog peak capture circuit,
the output of which is digitized. The voltage is continuously sampled and stored. The
capture module digitizes the partial discharge pulses at high speed for display and
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analysis. It is important at the start of every experiment to calibrate the system. The
calibration modules are used to inject partial discharge pulses of known magnitude into
the high voltage circuit to calibrate the instrument. The DDX 7000 has an automatic
calibration facility, internal or external, which will calibrate the instrument at partial
discharge level specified by the user. To calibrate the partial discharge measurements, a
signal generated by the calibrate module is sent via the coupling unit into the injection
capacitor. The magnitude of this signal is accurately known, and if the value of the
injection capacitor is known, a defined charge is injected into the measurement circuit.
The response of the circuit to the injected charge can be measured and used later to
determine the magnitude of an unknown actual discharge.
The system uses a very complex sampling system to capture the pulse data. The
system waits for the pulse to cross a threshold value; once this is done it searches for the
peak using a digital capture system. This also records the phase angle of the pulse. The
highest recorded value is the peak of the pulse. Due to the high sampling rate, the
captured peak is the highest and varied. The magnitude and phase of the captured pulse
peak is then recorded. The main four items recorded of the pulse are the pulse magnitude,
the pulse phase, gating information and cycle number.

4.1.2

The Aging Test Equipment
The wires are tested for two different conditions – aged and those that have not

aged. The magnet wires are sampled for partial discharge activity before and after aging.
The wires are aged under PWM conditions, as well as traditional voltage conditions.
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The test chamber for the aging of the wires is a DTS –1500 A test system (Figure
4.2). It has five channels proving the simultaneous testing of five specimens. It simulates
the effect of electrical as well as thermal stresses set at different high frequencies. These
stresses are similar to that of a magnet wire experience when subjected to PWM
controlled drives. The dielectric test system has three modules, which are the control
module (computer), the high voltage unit, and the oven.

Figure 4.11 DTS- 1500 A the Dielectric Test System [2]
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The computer software uses a Graphical User Interface to control the test
conditions set up through the General Purpose User Interface Bus (GPIB). The high
voltage DC source generates 1600 V positive and negative pulses. The control unit allows
the user to modify or specify the test parameters according to required values. Parameters
like frequency, voltage, temperature, rise time, and duty cycle can be set to desired
values. Each channel can be enabled or disabled. All channels share voltage, frequency,
and temperature. Peak to peak voltage can be as high as 3200 V, frequency varies from
200 Hz to 40 kHz, and temperature can be varied from ambient temperature to 180 o C,
duty cycle from 0% to 95% [2].
Figure 4.3 represents the wave shape of the test voltage applied on the magnet
wire sample using the DTS 1500 –accelerated aging test set up. This is not a
representation of the actual pulse employed in the testing, but what is given in the test
manual.

Figure 4.12 Typical pulse waveform used in aging tests [2]
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Twisted pair test samples are placed inside the oven. The magnet wires in the
study are tested at elevated temperatures of 1800 C, frequencies of 40 kHz, and pulse
voltage of 3200 V peak to peak, simulating accelerated aging conditions. All these tests
were carried out at a duty cycle of 16% and a rise time of 40 ns [2]. The values of the
duty cycle used are obtained from previous research work and industry standards, which
have used 16 % duty cycle to achieve fast rising pulses with application in high
frequency, fly back transformers.
By setting different duty cycles we can obtain varying effect on thee lifetime of
the magnet wires.

4.2

Test Procedure
Even though partial discharge measurements have been widely accepted method

for condition monitoring of winding insulation for over 40 years, there are no agreed
specifications with defined limits outlined [27]. The long-term reliability of magnet wires
is studied in this thesis. A conventional method of testing is the thermal endurance test. In
an effort to simulate the effects of service conditions on the wires both thermal and
electrical testing under pulsed voltage with high frequency and power frequencies were
conducted. [14].
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Figure 4.13

Test set up for partial discharge measurements before and after aging of
magnet wire insulation.

During the aging process, the magnet wire is twisted into a U shape, which has
around 70 turns and an approximate length of 110 mm. The ends of the magnet wire are
separated and are placed in the test chamber. One end is grounded, and the other end is
supplied with the pulse voltage. The two leads of magnet wire on the other side are left
floating. The voltage used for accelerated aging was a pulsed voltage at 40 kHz. The
accelerated aging condition for the tested magnet wire insulation was 3200 V pulses,
temperature of 180 o C. During this time of aging, the insulation did not experience any
breakdown under aging conditions.
Once the magnet wire insulation was aged, the samples were connected to the
partial discharge measurement system for monitoring of the partial discharge activity at
ac 60 Hz sinusoidal voltage. Electrical stress was created between twisted wires as exist
between wires in different coils. One wire is grounded, and the other wire is energized
with applied voltage. Partial discharge inception voltage was recorded and the voltage
thereafter incremented in steps of 0.5 kV per second. Therefore, the partial discharge was
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measured at 3200 V ac, where the partial discharge was recorded. This was recorded as
an average value obtained from 10 samples tested. After the partial discharge activity was
recorded, the voltage was further incremented until breakdown of the samples took place.
This voltage was noted as an average for 10 different samples tested.
For the comparison study, the wires were also tested at two different conditions:
•

Aging at 40 kHz, 3.2 kV fast rising pulse voltage, at ambient temperature,
for 10 Hours

•

Aging at 60 Hz, 3.2 kV ac sinusoidal voltages, at ambient temperature, for
10 hours.

For aging under accelerated conditions the test procedure is the same as discussed
previously. Under conventional ac conditions the accelerated aging oven is not used,
instead, the wires were connected to ac voltage source and aged for 10 hours under ac
applied voltage stresses at ambient temperatures which is close to 20 o C, ± 2 oC ,as the
lab is maintained around these temperatures.
After 10 hours of aging, both wires were monitored for partial discharge activity
using the DDX 7000 equipment.
To summarize the topics discusses in experimental setup and procedures chapter,
the methodology used for conducting the experiments in the lab is presented. A brief
description of the two test equipments used for testing is described. The test procedure
for obtaining the three main results namely, partial discharge inception voltage,
breakdown voltage, and partial discharge activity plots is described.

CHAPTER V
RESULTS
5.1

Introduction
In this chapter the results of partial discharge monitoring, before and after

accelerated aging, is presented. The wires are first aged under different aging conditions
and then monitored for partial discharge activity.
In the results presented, first, the partial discharge inception voltage results for the
different samples before and after aging are shown. For this, an average of 10 samples is
tested for each of the three wire samples. The partial discharge values depend on two
main factors, the dimension (core and insulation) and the permittivity of the wire
insulation.
The effect of discharge activity on the breakdown voltage of the various samples
is observed. The results for before and after aging are presented. Here the decrease in the
breakdown voltage with an increase in aging times is observed.
The results of partial discharge activity are represented in the 2-dimensional and
3-dimensional forms. A significant method to present and interpret PD results is phase
resolved partial discharge (PRPD) analysis [35][34]. The 2-dimensional plots represent
the maximum magnitude and pulse count of the discharges with respect to the phase
angle of the applied sinusoidal voltage.
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The discharge activity is recorded after 600 s of applying the 3200 V ac. These
values were taken in 10 consecutive blocks of a time period of 1 second per block or a
total of 10 seconds of partial discharge sampling.

5.1.1

Partial Discharge Inception Voltage
The magnet wires were monitored for the partial discharge inception voltage.
The Figure 5.1 shows the results of the average partial discharge inception voltage

recorded and compared for results before and after aging with pulse voltage of magnitude
3200 V at 40 kHz pulses, temperature 180 o C, and pulse voltage of magnitude 3200 V.
Due to the statistical nature of the measured partial discharge activity, the average
and the standard deviation of 10 samples tested is given.
The average of 10 samples tested is calculated using the formula:
Average:

1
x=
N

N

∑x
i =1

i

(5.1)

Standard Deviation:

σ=

x=

1
N

N

∑ (x − x )
i =1

2

i

the values of partial discharge inception voltage

N = number of samples tested

(5.2)
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5.1.1.1 Tabulated data - Partial Discharge Inception Voltage
Table 5.6

Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Polysol 180 samples aged at 3.2 kV pulsed
voltage 40 kHz, and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature.

Aging
Condition

Max Voltage
(kV)

Avg.Voltage
(kV)

Min.Voltage
Standard Deviation
(kV)

Before
Aging

0.85

0.8

0.7

0.057735027

10 Hours

0.75

0.7

0.6

0.062893208

20 Hours

0.6

0.5

0.4

0.052704628

40 hours

0.54

0.5

0.45

0.02981424

Inception Vol. (kV), Std. Dev.
n

Partial Discharge Inception Voltage Polysol 180 at 60 Hz

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before
Aging

Figure 5.14

10 Hours 20 Hours 40 Hours

Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Polysol 180 samples aged at 3.2 kV pulsed voltage 40 kHz,
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
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Table 5.7

Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Polysol 155 samples aged at 3.2 kV pulsed
voltage 40 kHz, and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

0.83

0.7

0.6

0.06463573

10 Hours

0.74

0.6

0.5

0.0678233

20 Hours

0.59

0.5

0.41

0.04853407

40 hours

0.54

0.5

0.44

0.0359011

P a rtia l D is c h a rg e In c e p tio n V o lta g e P o ly s o l 1 5 5 a t 6 0 H z

Inception Vol. (kV), Std. Dev. n

0 .9
0 .8
0 .7
0 .6
0 .5

M a x . V o lta g e (kV )

0 .4

Avg . V o lta g e (kV )
M in V o lta g e (kV )

0 .3

S ta n d a rd De via tio n

0 .2
0 .1
0
B e fo re
Ag in g

Figure 5.15

1 0 H o u rs 2 0 H o u rs 4 0 H o u rs

Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Polysol 155 samples aged at 3.2 kV pulsed voltage 40 kHz,
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature

Table 5.8
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Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Amidester 200 samples aged at 3.2 kV pulsed
voltage 40 kHz, and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(KV)

Standard
Deviation

Before Aging

0.81

0.7

0.6

0.06146363

10 Hours

0.66

0.6

0.52

0.042946996

20 Hours

0.53

0.5

0.47

0.017638342

40 hours

0.52

0.5

0.46

0.016996732

Inception Vol. (kV), Std. Dev

Partial Discharge Inception Voltage Amidester 200 at 60 Hz

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before 10 Hours 20 Hours 40 Hours
Aging

Figure 5.16

Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Amidester 200 samples aged at 3.2 kV pulsed voltage 40 kHz,
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature
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Average Partial Discharge Inception Voltage at 60 Hz.
1
0.9
Inception Voltage (kV)

0.8
0.7
0.6

Polysol 180

0.5

Polysol 155

0.4

Amidester 200

0.3
0.2
0.1
0
Before Ageing

10 hours

20 hours

40 hours

Aging Time For Samples

Figure 5.17

Measured Partial Discharge Inception Voltage (PDIV) on the magnet wire
for three different magnet wires

Partial discharge on the magnet wire surface depends on two main factors,
dimension of the sample (the core and insulation) and permittivity of the dielectric.
Before aging, Amidester 200 recorded the highest value of inception voltage. Although
Amidester 200 and Polysol 180 have the same insulation thickness, Amidester 200 has a
higher permittivity, hence, it is expected to have a lower inception voltage. This can be
observed after 10 hours of aging where Polysol 180 experienced a 100 V drop in the
inception voltage and, Amidester 200 had a 300 V drop in the partial discharge inception
voltage. Polysol 155 also record a 100 V drop form before aging to at 10 hours. For
results of discharge activity form before aging to 40 hours, Amidester 200, which showed
drop of 400 V, Polysol 180 by 300 V, and Polysol 155 recorded a drop in inception
voltage by 200 V.
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5.1.2

Breakdown Voltage
The breakdown voltage under 60 Hz ac condition before and after aging was

evaluated for the three wire samples. The Tables 5.4, 5.5,and 5.6 represent the values of
breakdown voltage shown as an average of 10 samples. Their standard deviation is also
shown.
Figure 5.2 shows the results of breakdown voltage of the magnet wires when an
increasing voltage of 0.5 kV/min is applied, until breakdown occurs. Amidester 200
showed the most significant drop in the breakdown voltage by 2.2 kV for the results from
before aging condition to results at aging after 40 hours, compared to a drop of 1.8 kV by
Polysol 180. Polysol 155 recorded a breakdown voltage of 1.5 kV from before aging to
aging after 400 hours. A high amount of partial discharge activity was observed,
including a hissing noise of discharge activity observed just before breakdown.
The average of 10 samples tested is calculated using the formula:
Average:

1
x=
N

N

∑x
i =1

i

(5.3)

Standard Deviation:

σ=

x=

1
N

N

∑ (x − x )
i =1

2

i

the values of breakdown voltage

N = number of samples tested

(5.4)
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5.1.2.1 Tabulated data – Breakdown Voltage
Table 5.9

Measured Values of Breakdown Voltage and their Standard Deviation for 10
samples of Polysol 180 samples aged at 3.2 kV pulsed voltage 40 kHz, and
measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

7.2

6.8

6.5

0.230940108

10 Hours

5.6

5.3

5.0

0.182574186

20 Hours

5.4

5.2

5.0

0.141421356

40 hours

5.2

5.0

4.5

0.2

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Polysol 180 at 60 Hz

8
7
6
5
4
3
2
1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before 10 Hours 20 Hours 40 Hours
Aging

Figure 5.18

Breakdown Voltage and their Standard Deviation for 10 samples of
Polysol 180 samples aged at 3.2 kV pulsed voltage 40 kHz, and measured
at 3.2 kV ac voltages at 60 Hz, ambient temperature
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Table 5.10

Measured Values of Breakdown Voltage and their Standard Deviation for
10 samples of Polysol 155 samples aged at 3.2 kV pulsed voltage 40 kHz,
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

6.7

6.5

6.3

0.12472191

10 Hours

5.3

5.0

4.7

0.20548047

20 Hours

5.4

5.0

4.5

0.27080128

40 hours

5.2

4.8

4.6

0.21602469

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Polysol 155 at 60 Hz

7
6
5
4

Max. Voltage (kV)
Avg. Voltage (kV)

3

Min Voltage (kV)

2

Standard Deviation

1
0
Before
Aging

Figure 5.19

10 Hours 20 Hours 40 Hours

Breakdown Voltage and their Standard Deviation for 10 samples of Polysol
155 samples aged at 3.2 kV pulsed voltage 40 kHz, and measured at 3.2
kV ac voltages at 60 Hz, ambient temperature
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Table 5.11

Measured Values of Breakdown Voltage and their Standard Deviation for
10 samples of Amidester 200 samples aged at 3.2 kV pulsed voltage 40
kHz, and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

6.7

6.5

5.9

0.226077666

10 Hours

5.0

4.6

4.3

0.210818511

20 Hours

4.8

4.5

4.0

0.221108319

40 hours

4.6

4.3

4.0

0.188561808

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Amidester 200 at 60 Hz

7
6
5
4

Max. Voltage (kV)

3

Avg. Voltage (kV)

2

Standard Deviation

Min Voltage (kV)

1
0
Before
Aging

Figure 5.20

10 Hours 20 Hours 40 Hours

Breakdown Voltage and their Standard Deviation for 10 samples of
Amidester 200 samples aged at 3.2 kV pulsed voltage 40 kHz, and
measured at 3.2 kV ac voltages at 60 Hz, ambient temperature
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Breakdown Voltage of Samples at 60 Hz
8
Breakdown Voltage (kV)
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Figure 5.21

5.1.3

Measured Breakdown Voltage on the magnet wire surface for three
different magnet wires.

Partial Discharge Magnitude
Partial Discharge Magnitude

Partial Discharge (pC)

60000
50000
40000
Polysol 180
30000

Polysol 155
Amidester

20000
10000
0
Before Ageing

10 hours

20 Hours

40 Hours

Aging Time for samples

Figure 5.22

Measured Partial discharge magnitude on the magnet wire for three
different magnet wires under different aging times.
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In Figure 5.3, the maximum magnitude of the partial discharge activity for the
different testing conditions is summarized. The results are recorded when an increase of
0.5 kV/sec is applied for 10 minutes on the sample. The partial discharge activity is
measured for the different samples. The results show the activity for different periods of
aging as well as before aging.
Polysol 155 showed the highest influence to partial discharge activity both before
and after aging condition. Compared to the other two samples, Polysol 155 recorded the
lowest inception voltage, both before aging, and after 10 hours of aging. Polysol 155
recorded a large increase in partial discharge activity after 20 hours of aging.
Until 20 hours of aging Polysol 180 has a higher partial discharge activity
compared to Amidester 200, but after 40 hours of aging, Amidester 200 recorder higher
maximum magnitude of the partial discharge activity.

5.2

2-Dimensional and 3-Dimensional Plot of Discharge Activity

5.2.1

Polysol 180
Figure 5.4 and Figure 5.5 present measurements of partial discharge in 2-

dimensional form for pulse count and maximum discharge magnitude of wire sample
Polysol 180 with respect to phase angle of the ac sine voltage. These values were taken in
10 consecutive blocks for time period of 1 second per block, or a total of 10 seconds of
partial discharge sampling. Figure 5. 4 shows maximum magnitude of about 1670 pC and
very low pulse counts for Polysol 180. This is typical of a new wire without tiny particles
on the surface of the insulation and subjected to high voltages. These discharges are
assumed to be rather uncritical unless the partial discharge activity increases over time.
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Figure 5.5 shows the 3-dimensional views of the phi-q-n parameters. The 3-dimensional
plot shows that the high pulse counts are measured in the low magnitude regions and
occur at 45 degree and 225 degree angle of the phase window.
Figures 5.6 and Figure 5.7 show the results of Polysol 180 after 10 hours of aging.
It is observed that, there is an increase in the maximum magnitude of the pulses from
1669.24 to 4031.4 after 10 hours aging. The pulses are seen from 0o to 90o and 180o to
270o of the phase window. The discharges have a near trapezoidal shape and the peak of
the discharge activity is seen with the rise of the applied voltage, and a sharp rise around
the zero crossover areas. From the 3-dimensional plots, it is observed that there is higher
number of pulse count with lower magnitude discharges. The plots show that the applied
stress exceeds the dielectric strength of the air cavities, initiating partial discharge
activity.
From Figures 5.8 and Figure 5.9, the results from 20 hours of sample aging are
observed. There is a decrease in the pulse count in contrast to the increase in the
maximum magnitude of the discharge. The dielectric strength of the insulation has
deteriorated since 10 hours of aging. Some combined partial discharge activity is
observed occurring due to various complex phenomena of cavity and surface discharges.
These could be the effect of either some physical damage inflicted on the wire or
also the presence of voids or surface regularities initiating the high pulse count.
The Figures 5.10 and 5.11 are results of partial discharge activity of the Polysol
180 wire sample after 40 hours of aging. Comparing the results recorded at 10 hours,
there is a considerable amount of partial discharge activity measured. A change in the
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insulation condition is observed. The wires seem to have a trapezoidal shape with a sharp
increase in magnitude of discharges around the zero crossover regions. There is a
decrease in pulse count with the higher pulse counts recorded in the lower magnitude
regions as observed for the 3-dimensional Figure 5.11.
This can be attribute to the drop in the space charges at the void surface, which
has extinguished on the occurrence of large partial discharge activity. It will take
sometime for the charges to recombine. Hence, the drop in the pulse count is observed.
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5.2.1.1

Polysol 180 Before Aging

Figure 5.23

Polysol N-180, Partial discharge activity measured before the aging
process. Measured at 3200 V, 60 Hz.

Figure 5.24

Polysol N-180, 3D plot of partial discharge activity measured before aging.
Measured at 3200 V, 60 Hz.
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5.2.1.2 Polysol 180 After Aging
5.2.1.2.1 10 Hours

Figure 5.25

Polysol N-180, Partial discharge activity measured after aging.
Aging at pulsed voltage 3200 V, 40 kHz, 180oC and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.26

Polysol N-180, 3D plot of partial discharge activity after aging.
Aging at 3200V, 40 kHz, 180oC and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.2.1.2.2 20 Hours

Figure 5.27

Polysol N-180, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 20 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.28 Polysol N-180, 3D plot of partial discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180oC and duration of 20 hrs.
Measured at 3200 V, 60 Hz.

57
5.2.1.2.3 40 Hours

Figure 5.29

Polysol N-180, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 40 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.30

Polysol N-180, 3D plot of discharge activity measured after aging.
Aging 3200 V, 40 kHz, 180°C and duration of 40 hrs.
Measured at 3200 V, 60 Hz.
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5.2.2

Polysol 155
Figures 5.12 and 5.13 show the results for Polysol 155 magnet wires. These wires

have a thermal rating of 155o. Hence, it is interesting to study the partial discharge
activity for the wire both before and after the aging process. The results show that the
maximum value of discharges recorded is around the range of 6000 pC. The discharges
are mostly in the 0o-90o and 180o to 270o degree phase window. The patterns show a
more flat trace of partial discharge activity than compared to the common triangular and
trapezoidal pattern.
From the 3-dimensional plot, it can be observed that the high pulse count of the
discharges occurs in the low magnitude region and fade out for higher magnitude region.
The position of the pulse count suggests that the voltage stress applied is sufficient to
erupt discharge activity as inferred form literature material [30][31][35].
The results for before aging, presented in Figures 5.12 and 5.13 show patterns
typical of a new wire subjected to high voltages. It can be concluded that the dielectric
strength of the wires is still intact.
After 10 hours of aging we can see the results of discharge activity in Figures 5.14
and 5.15. An increase in the discharge activity with a considerably high pulse count is
observed. As the voltage is increased, a large amount of swarming pulses is observed.
The partial discharge increases at the voltage zero, maintaining a constant magnitude
until the voltage peak where it drops. Partial discharges patterns suggest some combined
activity of both cavity and surface discharge occurring at the magnet wire surface.
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Figure 5.16 and 5.17 are the recorded results of Polysol 155 after 20 hours of
aging. The highest maximum magnitude recorded for Polysol 155 after 10 and 20 hours
of aging was 6094.35 and 7338.41 Compared to these values, after 20 hours of aging,
Polysol 155 showed maximum magnitudes of 46168 pC. The insulation is said to
deteriorating because the surface of the insulation has abraded away due to thermal
degradation [30][32][31] [35].
The result of partial discharge activity after 40 hours of aging is shown in Figures
5.17 and 5.18. The pattern at 40 hours is a fingerprint of that observed at 20 hours.
Another interesting observation, not previously seen in the Polysol 180 samples tested is
the decrease in pulse counts in the 180-270 region associated with an increase in the
maximum magnitude of the partial discharge activity. The positive discharges occurring
in 180o-270o phase regions are larger than the negative discharges (0o-180o. This is the
effect of the insulation abraded away due to thermal degradation [30][31][35].
Comparing the results at 20 hours and 40 hours, the major damage to the
insulation has occurred after 20 hours and a further increase in aging only determines
how fast the voltage sample breakdown.
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5.2.2.1 Polysol 155 Before Aging

Figure 5.31

Polysol N-155, Partial discharge activity measured before the aging
process. Measured at 3200 V, 60 Hz.

Figure 5.32

Polysol N-155, 3D plot of partial discharge activity measured before aging.
Measured at 3200 V, 60 Hz.
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5.2.2.2 Polysol 155 After Aging
5.2.2.2.1 10 hours

Figure 5.33

Polysol N-155, partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.34

Polysol N-155, 3D plot of discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180°C and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.2.2.2.2 20 Hours

Figure 5.35

Polysol N-155, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 20 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.36

Polysol N-155 3D plot of discharge activity measured after aging.
Aged at 3200V, 40 kHz, 180oC and duration of 20 hrs.
Measured at 3200 V, 60 Hz.
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5.2.2.2.3 40 Hours

Figure 5.37

Polysol N-155, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 40 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.38

Polysol N-155, 3D plot of discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180oC and duration of 40 hrs.
Measured at 3200 V, 60 Hz.
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5.2.3

Amidester 200
Before aging, results presented in Figure 5.20 and 5.21 show the discharge

activity in Amidester 200 wire sample. It is seen that there is a very low discharge pulse
count, which is even below the scope of the graphs presented. The highest maximum
magnitude observed is in the order of 1417.63 pC. This uncanny discharge activity is
typical of a new wire, which is spread about the phase window. The only discharge
activity is observed once the applied voltage is greater than the partial discharge of the
wires. Figure 5.21 shows this scattered activity.
Amidester 200 results from aging at 10 hours, shown in Figures 5.22 and 5.23. An
inference from comparing the results is the increase in the maximum magnitude of the
discharges from 1417.63 to 3259.77, from before the aging process to at 10 hours. The 3dimensional plots show that at 10 hours there is an increase in the number of discharges
from before aging. The higher pulse counts are recorded in the lower magnitude region.
Patterns are typical of some combined phenomena of surface as well as cavity discharge
occurring. This is natural as the twisted wire samples are capable of this type of partial
discharge activity.
Figures 5.24 and Figure 5.25 are the results of the aging of Amidester 200 at 20
hours. The results compared at 10 and 20 hours of aging show that there is a slight
increase in the maximum magnitude of partial discharges but also a reduced number of
discharges for results after 20 hours of aging. This can be explained by the further
deterioration of the insulation by time of aging, hence giving higher discharges with
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reduce pulse count [30][31]. It is observed that the discharge pulse count is a fingerprint
of the pattern at 10 hours.
Figures 5.26 and Figures 5.27 show the results of Amidester 200 after 40 hours of
aging. There is a significant increase in the maximum magnitude of the partial discharge
pulses, compared to the results at 10 and 20 hours of aging. The maximum magnitude of
discharge has increased from 3259.77 and 5621.99 to a high of 42369.5 pC at 40 hours.
An important observation is the phase shift of the maximum magnitude of discharge from
the 45o to nearly 85o and from 225o to 255o.This can be credited to the inter turn
insulation degradation. Due to the statistical nature of partial discharge results, its
difficult to say whether one or two discharges with high magnitudes is a condition of the
insulation as a whole.
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5.2.3.1 Amidester 200 Before Aging

Figure 5.39

Amidester 200, Partial discharge activity measured before the aging.
Measured at 3200 V, 60 Hz.

Figure 5.40

Amidester 200, 3D Plot of Partial discharge activity measured before the
aging. Measured at 3200 V, 60 Hz.
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5.2.3.1 Amidester 200 After Aging
5.2.3.1.1 10 hours

Figure 5.41 Amidester 200, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180°C and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.42

Amidester 200, 3D plots of discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180°C and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.2.3.1.2 20 Hours

Figure 5.43

Amidester 200, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 20 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.44

Amidester 200, 3D plots of discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180°C and duration of 20 hrs.
Measured at 3200 V, 60 Hz.
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5.2.3.1.2 40 Hours

Figure 5.45 Amidester 200, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, 180oC and duration of 40 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.46

Amidester 200, 3D plots of discharge activity measured after aging.
Aging at 3200V, 40 kHz, 180°C and duration of 40 hrs.
Measured at 3200 V, 60 Hz.
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5.3

Comparative Study
In the following section a comparative was performed, to study the aging patterns

of the magnet wires under two different aging conditions:
•

Aging at 40 KHz, 3.2 kV fast rising pulse voltage, at ambient temperature,
for 10 hours.

•

Aging at 60 Hz, 3.2 kV ac sinusoidal voltages, at ambient temperature, for
10 hours.

This comparative study was performed to determine the effect of inverter fed
drive stresses on magnet wires. The Figure below represents the number of fast rising
pulses at 40 kHz, 16 % duty cycle, 4 us pulse width occurring in a single cycle of ac
voltage.

Figure 5.47

Inverter type wave front pulses compared to 60 Hz ac wave fronts
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The test procedure is the same as that conducted for the previous result, except for
one case, the wires, which are aged under conventional 60 Hz ac conditions and did not
use a accelerated aging oven. Instead they were connected to a 60 Hz ac source and aged
for 10 hours under continuously applied voltage stresses.
For both conditions of aging the partial discharge inception voltage and
breakdown voltage are recorded and results are presented as an average of 10 samples.
The Tables 5.7 and 5.8 shown below are the recorded values for Polysol 180, shown as
an average of 10 samples. The standard deviation and average values of Partial Discharge
Inception Voltage and Breakdown Voltage is presented.
After 10 hours of aging, both wires were monitored for partial discharge activity
using the DDX 7000 equipment.
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5.4

Partial Discharge inception Voltage

Inception Voltage (V)

Partial Discharge Inception Voltage at 60 Hz
1000
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600
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Amidester 200

200
0
Before Ageing
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Hz,ambient temp

10 hours,40
kHz,anbient temp

Aging time for Samples

Figure 5.48

5.5

Measured Partial Discharge Inception Voltage (PDIV) on the magnet wire
for three different magnet wires

Breakdown Voltage
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Figure 5.49

Measured Breakdown Voltage on the magnet wire surface for three
different magnet wires.
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5.5.2

Polysol 180

From Figure 5.28 through 5.31 the comparative results for the two different aging
conditions are presented. As seen from Figure 5.28 and figure 5.29, aging at conventional
ac 60 Hz voltage recorded lower maximum magnitude of discharge pulse. On a long-term
basis, these values are still detrimental to the insulation. The 3-dimensional plots show
the almost negligent distribution of pulse count at the lower magnitude regions.
The high frequency, ambient temperature aged samples, as observed form Figures
5.30 and 5.31, recorded a slight increase in magnitude of maximum discharge value. The
3-dimensional plots show the higher pulse counts in the 45 o phase window with almost
no activity in the 180

o

to 360o phase width. These results convey that the dielectric

strength of the insulation is still in a good condition after 10 hours of aging,
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5.5.3

Partial Discharge and Breakdown Voltage Results –Polysol 180 Comparative
Study

Table 5.12 Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Polysol 180 samples aged at aged at 3.2 kV ac 60 Hz,
ambient temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient temperature and
measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

0.85

0.8

0.7

0.057735027

0.77

0.75

0.018856181

0.7

0.6

0.060369234

10 Hours, 60
Hz, ambient 0.8
temperature
10 Hours, 40
kHz, ambient 0.8
temperature

Inception Vol. (kV), Std. Dev. n

Partial Discharge Inception Voltage Polysol 180 Comparison Study

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before Aging

Figure 5.50

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Polysol 180 samples aged at aged at 3.2 kV ac 60 Hz, ambient
temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient temperature
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
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Table 5.13

Measured Values of Breakdown Voltage and their Standard Deviation for
10 samples of Polysol 180 samples aged at aged at 3.2 kV ac 60 Hz,
ambient temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient
temperature, measured at 3.2 kV ac 60 Hz

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

7.2

6.8

6.5

0.0230940108

6.6

6.4

0.210818511

6.1

5.9

0.176383421

10 Hours, 60
Hz, ambient 7.0
temperature
10 Hours, 40
kHz, ambient 6.4
temperature

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Polysol 180 Comparison Study

8
7
6
5

Max. Voltage (kV)

4

Avg. Voltage (kV)

3

Min Voltage (kV)
Standard Deviation

2
1
0
Before Aging

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Figure 5.51 Breakdown Voltage and their Standard Deviation for 10 samples of Polysol
180 samples aged at aged at 3.2 kV ac 60 Hz, ambient temperature, and 3.2
kV pulsed voltage at 40 kHz, ambient temperature and measured at 3.2 kV
ac voltages at 60 Hz, ambient temperature.
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5.5.4

Partial Discharge 2 and 3-Dimensional Plots- Polysol 180 Comparison Study

5.5.4.1 Aging Results at 3200 V, 60 Hz, 10 Hours, Ambient Temperature

Figure 5.52

Polysol 180, Partial discharge activity measured after aging.
Aging at 3200 V, 60 Hz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.53 Polysol 180, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 60 Hz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.5.4.2 Aging results at 3.2 kV, 40 kHz, 10 hours, Ambient Temperature.

Figure 5.54

Polysol 180, partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.55

Polysol 180, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.5.5

Polysol 155
The Tables 5.7 and 5.8 shown below are the recorded values for Polysol 180,

shown as an average of 10 samples. The standard deviation and average values of Partial
Discharge Inception Voltage and Breakdown Voltage is presented.
The results in Figures 5.32 to 5.35 are of magnet wire Polysol 155 aged in two
different conditions. Comparatively, there is a slight increase in the partial discharge
activity seen in the samples aged under power frequency 60 Hz ambient temperature and
that aged at 40 kHz, ambient temperatures conditions.
The sample of Polysol 155 aged under the accelerated conditions and the sample
Polysol 155 aged at 60 Hz at room temperature showed similar discharge patterns of
discharge activity after aging. The only difference observed is a slight increase in the
magnitude and pulse count for the sample aged under higher frequency.
The results of inception voltage and breakdown voltage recorded for the two samples
aged under different conditions are presented in the table below.
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5.5.6

Partial Discharge and Breakdown Voltage Results –Polysol 155 Comparative
Study

Table 5.14

Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Polysol 155 samples aged at aged at 3.2 kV ac
60 Hz, ambient temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient
temperature and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature.

Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

0.83

0.7

0.6

0.06463573

0.65

0.55

0.05557777

0.62

0.59

0.02538591

10 Hours, 60
Hz, ambient 0.75
temperature
10 Hours, 40
kHz, ambient 0.66
temperature

Inception Vol. (kV), Std. Dev. n

Partial Discharge Inception Voltage Polysol 155 Comparison Study

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before Aging

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Figure 5.56 Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Polysol 155 samples aged at aged at 3.2 kV ac 60 Hz, ambient
temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient temperature and
measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
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Table 5.15 Measured Values of Breakdown Voltage and their Standard Deviation for 10
samples of Polysol 155 samples aged at aged at 3.2 kV ac 60 Hz, ambient
temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient temperature and
measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

6.7

6.5

6.3

0.12472191

6.1

5.8

5.5

0.22110832

5.7

5.5

5.3

0.13333333

10 Hours, 60
Hz, ambient
temperature
10 Hours, 40
kHz, ambient
temperature

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Polysol 155 Comparison Study

7
6
5
Max. Voltage (kV)

4

Avg. Voltage (kV)

3

Min Voltage (kV)

2

Standard Deviation

1
0
Before Aging

Figure 5.57

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Breakdown Voltage and their Standard Deviation for 10 samples of
Polysol 155 samples aged at aged at 3.2 kV ac 60 Hz, ambient temperature,
and 3.2 kV pulsed voltage at 40 kHz, ambient temperature and measured at
3.2 kV ac voltages at 60 Hz, ambient temperature.
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5.5.7

Partial Discharge 2 and 3-Dimensional Plots- Polysol 155 Comparison Study

5.5.7.1 Aging Results at 3.2 kV, 60 Hz, 10 Hours, Ambient Temperature.

Figure 5.58 Polysol 155, Partial discharge activity measured after aging.
Aging at 3200 V, 60 Hz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.59 Polysol 155, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 60 Hz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.5.7.2 Aging results at 3.2 kV, 40 kHz, 10 hours, Ambient Temperature.

Figure 5.60

Polysol 155, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.61

Polysol 155, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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5.5.8

Amidester 200
In Figures 5.36 to 5.39, the results of aging of Amidester 200 wire sample in two

different types of aging conditions are shown.
A significant increase in the discharge activity is observed. Amidester 200 at high
frequency aging conditions recorded a higher value for maximum magnitude of the
discharges with higher pulse count in the lower magnitude region.
The aging results for Amidester 200 at 60 Hz, shows most of the discharge
activity in the 0o-90o and 180o-270o phase windows, with very high pulse counts almost
swarming in nature.
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5.5.9

Partial Discharge and Breakdown Voltage Results –Amidester 200 Comparative
Study

Table 5.16

Measured Values of Partial Discharge Inception Voltage and their Standard
Deviation for 10 samples of Amidester 200 samples aged at aged at 3.2 kV
ac 60 Hz, ambient temperature, and 3.2 kV pulsed voltage at 40 kHz,
ambient temperature and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature

Aging
Condition
Before Aging
10 Hours, 60
Hz, ambient
t Hours,
t 40
10
kHz, ambient
t
t

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

0.81

0.7

0.6

0.06146363

0.71

0.68

0.64

0.024944382

0.7

0.65

0.6

0.029059326

Inception Vol. (kV), Std. Dev. n

Partial Discharge Inception Voltage Amidester 200 Comparison Study

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Max. Voltage (kV)
Avg. Voltage (kV)
Min Voltage (kV)
Standard Deviation

Before Aging

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Figure 5.62 Partial Discharge Inception Voltage and their Standard Deviation for 10
samples of Amidester 200 samples aged at aged at 3.2 kV ac 60 Hz,
ambient temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient
temperature and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature
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Table 5.17 Measured Values of Breakdown Voltage and their Standard Deviation for 10
samples of Amidester 200 samples aged at aged at 3.2 kV ac 60 Hz,
ambient temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient
temperature and measured at 3.2 kV ac voltages at 60 Hz, ambient
temperature
Aging
Condition

Max Voltage
(kV)

Avg. Voltage
(kV)

Min.Voltage
(kV)

Standard
Deviation

Before Aging

6.7

6.5

5.9

0.226077666

6.7

6.1

5.8

0.25819889

5.7

5.5

5.2

0.141421356

10 Hours, 60
Hz, ambient
temperature
10 Hours, 40
kHz, ambient
temperature

Inception Vol. (kV), Std. Dev. n

Breakdown Voltage Amidester 200 Comparison Study

7
6
5
Max. Voltage (kV)

4

Avg. Voltage (kV)

3

Min Voltage (kV)

2

Standard Deviation

1
0
Before Aging

Figure 5.63

10 Hrs, 60 Hz,
ambient temp

10 Hrs, 40 kHz,
ambient temp

Breakdown Voltage and their Standard Deviation for 10 samples of
Amidester 200 samples aged at aged at 3.2 kV ac 60 Hz, ambient
temperature, and 3.2 kV pulsed voltage at 40 kHz, ambient temperature
and measured at 3.2 kV ac voltages at 60 Hz, ambient temperature.
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5.5.10 Partial Discharge 2 and 3-Dimensional Plots- Amidester 200 Comparison Study
5.5.10.1 Aging Results at 3.2 kV, 60 Hz, 10 Hours, ambient temperature.

Figure 5.64

Amidester 200, Partial discharge activity measured after aging.
Aging at 3200 V, 60 kHz, and ambient temperature duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.65 Amidester 200, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 60 Hz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz ac.
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5.5.10.2 Aging Results at 3.2 kV, 40 kHz, 10 hours, Ambient Temperature

Figure 5.66

Amidester 200, Partial discharge activity measured after aging.
Aging at 3200 V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.

Figure 5.67 Amidester 200, 3D Plot of discharge activity measured after aging.
Aging at 3200V, 40 kHz, ambient temperature and duration of 10 hrs.
Measured at 3200 V, 60 Hz.
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In the results chapter, the results for Polysol 180, Polysol 155 and Amidester 200
are presented. The partial discharge inception voltage, breakdown voltage and maximum
magnitude of partial discharges are presented. The standard deviation obtained for an
average of 10 wire samples for the partial discharge inception voltage and breakdown
voltage is presented.
The partial discharge inception voltage results are presented in Figure 5.1.
Amidester 200 showed a drop in the inception voltage by 400 V from before aging to
after 40 hours of aging. For Polysol 180 the partial discharge inception voltage dropped
by 300V. Polysol 155 recorded a decrease of 200 V in the partial discharge inception
voltage.
The breakdown voltages for the aged samples are presented in Figure 5.2.
Amidester 200 showed significant drop in the breakdown voltage by 2.2 kV for the
results from before aging to results at 40 hours compared to a drop of 1.8 kV by Polysol
180. Polysol 155 recorded a 1.5 kV decrease.
Uncanny partial discharge activity is characterized by discharges of small
magnitude scattered in unusual positions of the phase window. This is observed for
Polysol 180 in Figures 5.8 and 5.9. The Figure shows large pulse counts occurring in the
region of higher magnitude discharges. This could be attributed to noise, sparks from
contact of wires under different stress levels, insulation defects caused either by
manufacturing processes or human errors during test setup.

CHAPTER VI
CONCLUSION

6.1

Conclusion
Partial discharge measurement and analysis are powerful tools for reliable

detection of locally confined insulation defects. A complete understanding of the
insulation system is based on cumulative and continuous monitoring of the insulation
combined with a large database of comparative results and trend investigation [27].
Failure of magnet wires insulation applications under PWM speed controlled drives or
inverters are a growing field of concern among many manufactures and a constant field
of growth for design engineers.
In this thesis, the results show the effect of high frequency, high temperatures and
pulsed voltages as well as conventional 60 Hz ac voltage stresses on magnet wires, which
eventually cause degradation of the wires.
For a better perspective of these accelerated stresses on selected magnet wires, a
comparative study is done for the wires stressed under conventional 60 Hz ac voltages as
well as pulsed voltage.
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The following conclusions are drawn from the testing results obtained:

1. Polysol 155 showed the highest influence to partial discharge activity both
before and after aging condition. Polysol 155 recorded a large increase in
partial discharge activity after 20 hours of aging. This is because the
sample is tested at accelerated aging condition greater than its thermal
class (155 o C). The wires show discharge activity as an effect of thermal
degradation and weak dielectric strength at the tested conditions.
2. Polysol 180 showed change in its inception voltage, partial discharge and
breakdown voltage from before and after the aging process.
3. Amidester 200, showed the greatest drop in partial discharge inception
voltage, breakdown voltage and a consistent behavior after the aging
process.
4. Due to inability of equipment hardware, partial discharge activity could
not be measured at pulse voltage.
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6.2

Future Work
•

To study the partial discharge activity of actual stator winding samples
aged under real time service conditions.

•

To parallel the working of the aging oven and the DDX partial discharge
aging equipment and monitor the activity of magnet wires insulation
stressed continuously under accelerated aging conditions.

•

Study of effect of different types voltage waveforms and impulse voltage
on partial discharge activity in magnet wires.
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